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Abstract 
A t o r s i o n  pendulum was used t o  measu re  m e c h a n i c a l l y  t h e  
e n e r g y  d i s s i p a t i o n  o c c u r r i n g  i n  s t r ips  and  vacuum-depos i ted  
f i l m s  of ind ium a s  a f u n c t i o n  of t h e  v e l o c i t y  w i t h  which  t h e y  
moved t h r o u g h  a m a g n e t i c  f i e l d  no rma l  t o  t h e i r  s u r f a c e s .  N o  
d i s s i p a t i o n  w a s  observed e i t h e r  above or b e l o w  T when t h e  
C 
s tr ips moved t h r o u g h  a un i fo rm f i e l d .  B e l o w  T e n e r g y  d i s s ipa -  
C 
t i o n  o c c u r r e d  i n  b o t h  t h e  s t r i p s  a n d  t h e  f i l m s  when t h e y  moved 
t h r o u g h  l o c a l i z e d  f i e l d s  a n d  w a s  an order o f  magn i tude  g r e a t e r  
t h a n  i n  t h e  no rma l  s t a t e .  The e n e r g y  loss b e l o w  T c o n t a i n s  a 
C 
p a r t  p r o p o r t i o n a l  t o  t h e  v e l o c i t y  and  a v e l o c i t y  i n d e p e n d e n t  
p a r t .  An a n a l y s i s  of t h e  v e l o c i t y  d e p e n d e n t  p a r t  o f  t h e  l o s s e s  
i n d i c a t e s  good a g r e e m e n t  w i t h  t h e  t h e o r e t i c a l  c o n s i d e r a t i o n s  
of Bardeen  a n d  S t e p h e n  . I 
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Motion o f  Magne t i c  F l u x  th rough  S u p e r c o n d u c t i n g  S t r i p s  
W. V .  Houston and  D.  R. S m i t h  
R i c e  U n i v e r s i t y ,  Hous ton ,  Texas 
I n  r e c e n t  years  numerous e x p e r i m e n t s  1 , 2 , 3 Y 4 )  on t h e  
e l e c t r i c a l  r e s i s t a n c e  of s u p e r c o n d u c t i n g  s t r ips  i n  a m a g n e t i c  
f i e l d  have  been  i n t e r p r e t e d  i n  terms of a mot ion  of t h e  mag- 
n e t i c  f i e l d  l i n e s  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e i r  l e n g t h  
and  somewhat p e r p e n d i c u l a r  t o  t h e  c u r r e n t .  T h i s  mot ion  i s  
u n d e r s t o o d  t o  be opposed by a c o n s t a n t  force assoc ia ted  
w i t h  t h e  " p i n n i n g "  of m a g n e t i c  f l u x  to  " p i n n i n g  c e n t e r s "  of 
an u n d e t e r m i n e d  n a t u r e ,  p l u s  a v i s c o u s  r e s i s t a n c e  p r o p o r t i o n a l  
t o  t h e  ve loc i ty .  S i n c e  a l l  of  t h e s e  reported e x p e r i m e n t a l  re- 
s u l t s  have  been  e l e c t r i c a l  measurements ,  a n d  t h e  mot ion  of t h e  
f l u x  l i n e s  h a s  been  o n l y  p o s t u l a t e d  t o  e x p l a i n  them, i t  seemed 
w o r t h - w h i l e  t o  u n d e r t a k e  a se r ies  o f  e x p e r i m e n t s  i n  which  t h e  
f l u x  mot ion  i s  m e c h a n i c a l l y  induced .  T h i s  paper i s  a r e p o r t  
of o n e  s u c h  s e t  of measurements  which  show b o t h  t y p e s  of 
force p o s t u l a t e d  and  show a v i s c o u s  f o r c e  close t o  t h a t  c a l c u -  
l a t e d  by Bardeen  a n d  S t e p h e n  . 5) 
The e x p e r i m e n t  c o n s i s t e d  i n  moun t ing  two str ips o f  ind ium 
r a d i a l l y  on a p h e n o l i c  disc 2-7/8" i n  diameter.  The d i sc  w a s  
mounted  a s  a t o r s ion  pendulum i n  a h e l i u m  dewar. Two pendulums 
w e r e  u s e d .  The per iods o f  23.0 s e c o n d s  a n d  19.6 s e c o n d s  w e r e  
l -  
2 .  
s i m i l a r  b u t  t h e  moments o f  i n e r t i a  and  t h e  t o r s i o n  c o n s t a n t s  
were q u i t e  d i f f e r e n t .  
w i r e  w e r e  t h e n  a r r a n g e d  a s  shown i n  F ig .  1 t o  provide a con-  
c e n t r a t e d  m a g n e t i c  f i e l d  th rough  which t h e  s u p e r c o n d u c t i n g  
s t r ips  moved a s  t h e  pendulum swung. The end  p o i n t s  o f  e a c h  
swing  w e r e  o b s e r v e d  so t h a t  t h e  l o s s  o f  e n e r g y  c o u l d  be deter-  
mined  f rom t h e  d i f f e r e n c e  i n  t h e  s q u a r e s  of t h e  e n d  p o i n t s  
and  t h e  v a l u e  o f  t h e  t o r s ion  c o n s t a n t .  
Two magnets  wound w i t h  s u p e r c o n d u c t i n g  
I t  would be desirable ,  of c o u r s e ,  t o  h a v e  a s h a r p l y  
d i s c o n t i n u o u s  f i e l d ,  b u t  i n  t h e  a b s e n c e  o f  t h a t  p o s s i b i l i t y  
t h e  f i e l d  i n t e n s i t y  H ( r )  i n  t h e  g a p  w a s  measu red  a s  a f u n c t i o n  
o f  t h e  d i s t a n c e  r f rom t h e  c e n t e r  and  c o u l d  be w e l l  r e p r e s e n t e d  
2 -2 
by H ( r )  = Ho exp(-ar  ) ,  w i t h  a = 3 . 8 1  c m  . T h i s  a p p r o x i m a t e  
fo rm w a s  t h e n  u s e d  i n  t h e  a n a l y s i s  b e c a u s e  o f  i t s  m a t h e m a t i c a l  
c o n v e n i e n c e .  
Four  d i f f e r e n t  p a i r s  of  s tr ips w e r e  u s e d .  Two w e r e  
evaporated f i l m s  7/8" l o n g  by 1/8" w i d e .  They w e r e  es t imated  
3 c  t o  be r e s p e c t i v e l y  lo3 and  8 . 5  x 10 A t h i c k ,  b u t  t h e  e s t i -  
mates may be i n  error  by  as  much a s  a f a c t o r  o f  2 .  Two o t h e r s  
w e r e  c u t  f rom s h e e t  and  w e r e  0.0127 and  0 .0508 c m  t h i c k  
r e s p e c t i v e l y .  
3 .  
, -  
R e s u l t s  and Discussion 
1. A number of prel iminary observa t ions6)  repor ted  e a r l i e r  
served t o  i d e n t i f y  t h e  e f f e c t s  t o  be observed and t o  i n d i c a t e  
how t h e  apparatus could be improved t o  g ive  more q u a n t i t a t i v e  
r e su l t s .  The improvements were p r i n c i p a l l y  i n  t h e  design of 
t he  magnets t o  g e t  a more concentrated f i e l d  i n  t h e  gap, and 
i n  t h e  use of two d i f f e r e n t  pendulum systems t o  provide a 
wider range of fo rces  i n  moving the  s t r i p s  through t h e  magnetic 
f i e l d s .  The na ture  of the r e s u l t s  was t h e  same as  i n  the 
e a r l i e r  experiments,  b u t  t h e  q u a n t i t a t i v e  r e s u l t s  repor ted  
here a r e  a l l  from the l a t e r  s e r i e s  of measurements. 
2.  
observa t ions  w e r e  made w i t h  both th icknesses  of indium s t r i p s  
i n  a uniform magnetic f i e l d  p a r a l l e l  t o  t h e  a x i s  of t h e  pen- 
dulum. T h i s  was done a t  both 4.2O and 3.0'. N o  energy loss 
assoc ia t ed  wi th  t h e  magnetic f i e l d  was observed i n  e i ther  case.  
The only damping observed was t h a t  due t o  i n t e r n a l  f r i c t i o n  i n  
the to r s ion  f i b r e  and t h e  v i s c o s i t y  of t h e  h e l i u m  gas i n  which 
the system was suspended. 
To be s u r e  of the na ture  of t h e  observed energy l o s s ,  
The r e s u l t  i n  the normal s t a t e  i s  e a s i l y  understood. The 
eddy c u r r e n t s  flow from one end of t h e  s t r i p  to  t h e  o t h e r ,  b u t  
a r e  so small  a s  t o  produce an unobservable damping. 
. 
4. 
The r e s u l t  i n  t h e  s u p e r c o n d u c t i n g  s t a t e  would be expected 
f r o m  t h e  symmetry of t h e  s i t u a t i o n .  And y e t  on t h e  p i c t u r e  o f  
flux l i n e s  p a s s i n g  t h r o u g h  t h e  s t r i p  i t  i s  less o b v i o u s .  One 
m u s t  t h e n  c o n c l u d e  t h a t  i f  such  " l i n e s "  o r  " b u n d l e s "  o f  l i n e s  
pass t h r o u g h  t h e  s t r ips  i n  c e r t a i n  spots ,  t h e s e  b u n d l e s  a r e  n o t  
a t  a l l  f a s t e n e d  to  a n y t h i n g  on t h e  s o l e n o i d  wh ich  p r o d u c e s  t h e  
f i e l d .  
An i n t e r e s t i n g  o b s e r v a t i o n  i n  t h i s  c o n n e c t i o n  w a s  made 
when a u n i f o r m  f i e l d  w a s  p roduced  by  a s o l e n o i d  s u r r o u n d i n g  
t h e  who le  a p p a r a t u s  and  w i t h  t h e  s m a l l  magne t s  s t i l l  i n  place.  
Even though no  c u r r e n t  w a s  s e n t  t h r o u g h  t h e s e  m a g n e t s ,  t h e  
s u p e r c o n d u c t i v i t y  of t h e  wind ings  d i s to r t ed  t h e  f i e l d  enough 
so t h a t  an e n e r g y  l o s s  w a s  observed. I t  w a s  n e c e s s a r y  t o  re- 
move them c o m p l e t e l y  before a t r u e  o b s e r v a t i o n  i n  a u n i f o r m  
f i e l d  c o u l d  be made. A r e l a t i v e l y  s m a l l  d e p a r t u r e  f rom 
u n i f o r m i t y  leads t o  an e n e r g y  l o s s .  
3 .  Measurements  made a t  4 . 2 O  on t h e  ind ium f i l m s  and  s t r ips  
w i t h  t h e  l o c a l i z e d  f i e l d s  showed no  damping on t h e  f i l m s  b u t  
a damping  of t h e  t h i c k e r  s t r i p s  c l e a r l y  a t t r i b u t a b l e  t o  eddy 
c u r r e n t s .  N o  at tempt w a s  made t o  c a l c u l a t e  t h e  eddy c u r r e n t  
damping  t o  be expected s i n c e  t h e  s h a p e  o f  t h e  f i e l d  and  t h e  
s h a p e  of t h e  s t r i p  makes i t  c o m p l i c a t e d .  The observed loss  
5. 
w a s  r o u g h l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  f i e l d  a s  i s  t o  
be expected. 
The a b s e n c e  of o b s e r v e d  eddy c u r r e n t  damping i n  t h e  
t h i n  f i l m s  i s  due  t o  t h e  h i g h  r e s i s t a n c e  o f  s u c h  f i l m s .  
4. A t  3.0°, w e l l  below t h e  c r i t i c a l  t e m p e r a t u r e  fo r  
ind ium,  t h e  b e h a v i o r  i s  s t r i k i n g l y  d i f f e r e n t  f rom t h a t  
i n  t h e  no rma l  s t a t e .  I f  t h e  pendulum h a s  enough e n e r g y  a s  
t h e  s t r i p  a p p r o a c h e s  t h e  m a g n e t i c  f i e l d ,  t h e  s t r i p  i s  d r i v e n  
t h r o u g h  t h e  f i e l d  and  comes o u t  on t h e  o t h e r  side w i t h  a 
r e d u c e d  e n e r g y .  As t h e  a m p l i t u d e  o f  t h e  pendulum f a l l s  o f f ,  
t h e r e  comes a p o i n t  where  t h e  f i l m  o r  s t r i p  c a n n o t  be 
d r i v e n  t h r o u g h  t h e  f i e l d  and  i t  bounces  back. T h i s  b e h a v i o r  
c a n  be u n d e r s t o o d  i n  t e r m s  o f  a s impl i f i ed  model f o r  t h e  
p o t e n t i a l  e n e r g y  of t h e  sys t em.  
2 
( a )  The e n e r g y  i n  t h e  t o r s i o n  f i b re  i s  K x / 2 .  The 
e n e r g y  a s s o c i a t e d  w i t h  t h e  m a g n e t i c  f i e l d  i n  t h e  s u p e r c o n d u c t i n g  
m a t e r i a l  i s  g i v e n  by -M - H in t eg ra t ed  over t h e  volume of t h e  
s t r i p .  The m a g n e t i z a t i o n  may be idea l ized  and  a p p r o x i m a t e d  by 
6. 
t h e  e x p r e s s i o n  
-4nM 
H (H -H) 1 c  
Hc-H1 
F o r  a s p h e r e  H 
would  be sma l l e r .  F o r  t h i n  s t r ips ,  s u c h  a s  u s e d  i n  t h i s  work, 
= (2/3)Hc,  and f o r  an ob la te  s p h e r o i d  i t  1 
i t  would be q u i t e  s m a l l .  The e x p r e s s i o n  i s ,  o f  c o u r s e ,  v a l i d  
o n l y  for  H 4 H < H  . 1 C 
Assuming t h e  above form f o r  M y  a n d  t h e  f i e l d  i n  t h e  
u r% 
magnet  g a p  t o  be g i v e n  by H = H e where  r i s  t h e  d i s t a n c e  0 
f r o m  t h e  a x i s ,  t h e  p o t e n t i a l  e n e r g y  of t h e  s y s t e m  i s  
( 2 )  
t i s  t h e  t h i c k n e s s  and  d i s  t h e  w i d t h  of t h e  s u p e r c o n d u c t i n g  - - 
strips.  x i s  t h e  d i s t a n c e  from t h e  ax i s  o f  t h e  f i e l d  t o  t h e  - 
c e n t e r  l i n e  of t h e  s t r ip .  
When K i s  l a r g e  enough t h e  f i r s t  t e r m  d o m i n a t e s  a n d  
L 
x = 0 i s  a minimum. I f ,  however,  - 
t h e  c e n t e r  p o i n t ,  x = 0 ,  i s  a maximum,and fo r  a r a n g e  of v a l u e s  - 
of H t h e r e  a re  minima on e i t h e r  s ide of it. Thus o n e  con- 
d i t i o n  fo r  a p o s i t i o n  of e q u i l i b r i u m  away from t h e  c e n t e r  of 
-0 
7. 
t h e  m a g n e t i c  f i e l d  i s  t h a t  b o t h  a and H be la rge  enough. N o  
i n d e p e n d e n t  estimate of H h a s  been made f o r  t h e  s t r i p s  used .  
H s h o u l d  be e x p e c t e d  t o  be q u i t e  s m a l l  and t o  i n c r e a s e  w i t h  
1 
1 
1 
i n c r e a s i n g  t h i c k n e s s  of t h e  str ips.  The q u a l i t a t i v e  b e h a v i o r  
o f  t h e  s y s t e m  w a s  q u i t e  i n  a c c o r d  w i t h  t h i s  a n a l y s i s  o f  it. 
(b) When t h e  e n e r g y  of t h e  pendulum w a s  s u f f i c i e n t  t o  
d r ive  t h e  strips t h r o u g h  t h e  m a g n e t i c  f i e l d ,  a loss  of 
e n e r g y  was o b s e r v e d  q u i t e  d i f f e r e n t  from t h a t  o b s e r v e d  a t  
4 .2 ' .  I t  c a n  be described a s  due  t o  a c o n s t a n t  r e s i s t i n g  
f o r c e  p l u s  a v i s c o u s  force p r o p o r t i o n a l  t o  t h e  v e l o c i t y .  
Both f o r c e s  a c t  o v e r  a f i x e d  d i s t a n c e ,  t h e  w i d t h  of t h e  s t r i p .  
For  t h e  t h i n  f i l m s  t h e  c o n s t a n t  f o r c e  was dominant .  
F i g u r e  2 shows t h e  e n e r g y  l o s s  per swing as a f u n c t i o n  o f  t h e  
average speed i n  p a s s i n g  th rough  t h e  f i e l d  f o r  t h e  8500 A f i l m .  
0 
F i g u r e  3 shows t h e  l o s s  as a f u n c t i o n  o f  m a g n e t i c  f i e l d  f o r  
t h e  two f i l m s .  I t  i s  clear t h a t  t h e  f o r c e  i s  n o t  an eddy 
c u r r e n t  damping, p r o p o r t i o n a l  t o  t h e  s q u a r e  o f  t h e  f i e l d .  N o  
s u c h  damping w a s  o b s e r v e d  a t  4.2'. Fu r the rmore  t h e  t h i n n e r  
a n d  less perfect  f i l m  showed t h e  g r e a t e r  e n e r g y  loss. T h i s  
c a n  be u n d e r s t o o d  i n  t e r m s  o f  " p i n n i n g  c e n t e r s "  from which 
t h e  f l u x  l i n e s  must  be p u l l e d  away. There  a r e  m o r e  such  
c e n t e r s  i n  t h e  less  p e r f e c t  f i l m  b u t  i n  e a c h  c a s e  t h e r e  i s  
an a p p r o a c h  t o  s a t u r a t i o n  a s  t h e  c e n t e r s  are  more n e a r l y  com- 
p l e t e l y  u s e d  up. 
8. 
F o r  t h e  t h i c k e r  s t r i p s  a v e l o c i t y  p r o p o r t i o n a l  resis- 
t a n c e  as w e l l  a s  a c o n s t a n t  f o r c e  was o b s e r v e d .  F i g u r e  4 
shows t h e  e n e r g y  l o s s  as a f u n c t i o n  o f  speed f o r  a number 
o f  f i e ld s  and F i g .  5 shows t h e  c o e f f i c i e n t  o f  p r o p o r t i o n a l i -  
t y  t o  t h e  speed a s  a f u n c t i o n  o f  t h e  f i e l d .  
The v e l o c i t y  dependent p a r t  o f  t h e  e n e r g y  l o s s ,  A E _ ~ ,  
may be described i n  terms of  a v i s c o s i t y  c o e f f i c i e n t  . 
I f  t h e  f l u x  i s  p i c t u r e d  as c o n f i n e d  to  b u n d l e s  o f  c i r c u l a r  
cross s e c t i o n ,  t h e  e n e r g y  loss due t o  one b u n d l e  p a s s i n g  
t h r o u g h  t h e  ind ium s t r i p  i s  g i v e n  by 
nL 
when v i s  t h e  speed a t  which t h e  s t r i p  p a s s e s  th rough  t h e  -L 
f i e l d ,  t i s  t h e  t h i c k n e s s  of t h e  s t r i p  and d i s  t h e  w i d t h ,  
t h e  d i s t a n c e  o v e r  which t h e  f o r c e  ac t s .  
(c) S i n c e  ind ium i s  a s u p e r c o n d u c t o r  o f  t h e  f i r s t  k i n d  
i t  i s  t o  be expected t h a t  t h e  f l u x  w i l l  pass th rough  t h e  
s t r i p  i n  t tspotstt  of r a d i u s  much larger  t h a n  t h e  p e n e t r a t i o n  
d e p t h  1. 
f i e l d  H . The t o t a l  f l u x  i s  t h e n  
I n  t h e s e  s p o t s  t h e  f i e l d  \ w i l l  be t h e  c r i t i c a l  
--c 
9. 
where  t h e  a are  t h e  r a d i i  o f  d i f f e r e n t  f l u x  b u n d l e s .  These  
are probably of t h e  same o r d e r  of m a g n i t u d e ,  b u t  are cer- 
-i 
t a i n l y  n o t  a l l  t h e  same. The sum i s  over t h e  "spots" which  
pass over t h e  s t r i p  as i t  moves t h r o u g h  t h e  f i e l d .  
The t o t a l  f l u x  t h r o u g h  which  t h e  str ips m u s t  pass i s  
g i v e n  by 
. H is  t h e  f i e l d  below which  t h e  1 where  H = Ho e 1 
M e i s s n e r  e f f ec t  i s  perfect.  The v a l u e  of A 2 i s  t h e n  
2 2 
i 
A = C ai = ( H ~ - H ~ ) / u H  C 
be t h e  viscous drag per u n i t  l e n g t h  o f  t h e  
Let T i  
= ( /a ) i s  i n d e -  s '  f l u x  b u n d l e  i a n d  assume t h a t  $/ai 
p e n d e n t  of a.  Then t h e  t o t a l  e n e r g y  loss when t h e  s t r ips  
pass t h r o u g h  t h e  m a g n e t i c  f i e l d  i s  
E .  = v 2 t d ( c / a 2 ) ~  ai 2 
1 L 
C 
) (Ho-Hl)/uH 
Thus  t h e  slope of t h e  c u r v e  i n  F ig .  5 gives (2 td /aH 
- 
The observed v a l u e s  of ( /a ) are  g i v e n  i n  t h e  t a b l e  
% 2  
10. 
Hc ( g a u s s  ) 2 -4 
( /  a ) (dyne-sec-cm ) T (OK) t ( c m )  
3.0 . O S 0 8  67.4 
2.5’ .OS08 141.5 
3.0 .0127 67.4 
3 
3 
3 
1.1 x 10 
7.7 x 10 
1.0 x 10 
(d)  An u n d e r s t a n d i n g  of t h e  v i s c o s i t y  9 c a n  be o b t a i n e d  
by f o l l o w i n g  t h e  p r o c e d u r e  u s e d  by Bardeen  and  S t e p h e n  f o r  t h e  
case of a s u p e r c o n d u c t o r  of t h e  s e c o n d  k i n d .  A s  applied to  
a s u p e r c o n d u c t o r  of t h e  f i r s t  k i n d ,  s u c h  as  n iob ium a b u n d l e  
of f l u x  c a n  be c o n s i d e r e d  a s  p a s s i n g  t h r o u g h  a c y l i n d r i c a l  
h o l e  of r a d i u s  a of no rma l  ma te r i a l .  Us ing  t h e  i dea l  case 
of a d i s c o n t i n u o u s  t r a n s i t i o n  be tween t h e  no rma l  a n d  t h e  
s u p e r c o n d u c t i n g  mater ia l ,  t h e  e l ec t r i c  f i e l d ,  o u t s i d e  o f  
t h e  no rma l  m a t e r i a l  and  n e c e s s a r y  t o  s top  t h e  s u p e r c u r r e n t s  
a h e a d  of t h e  moving c y l i n d e r  a n d  t o  s t a r t  them b e h i n d  i t ,  
i s  g i v e n  by 
1 
E = ( m / e )  v % c u r l  v -grad [ (m/e)v - v  ] (9)  fvv +Ll M W L  *s 
i s  t h e  v e l o c i t y  of t h e  f l u x  b u n d l e  r e l a t i v e  t o  t h e  
m a t e r i a l  a n d  v i s  t h e  v e l o c i t y  of t h e  e l e c t r o n s  c a r r y i n g  
t h e  s u p e r c u r r e n t  a r o u n d  t h e  h o l e .  The l a t t e r  c a n  be e v a l u -  
a ted i n  terms of H t h e  c r i t i c a l  f i e l d  assumed i n  t h e  no rma l  
ma te r i a l .  
a l l  t h i s  f i e l d  i s  t a n g e n t  t o  t h e  s u r f a c e .  The f i e l d  norma l  
w 
-cy 
A t  t h e  n o r m a l - s u p e r c o n d u c t i n g  s u r f a c e  p r a c t i c a l l y  
11. 
t o  t h e  s u r f a c e  makes o n l y  a s m a l l  c o r r e c t i o n  t o  t h e  f i e l d  
i n d u c e d  i n s i d e  t h e  normal  r e g i o n  by t h e  r e l a t i v e  mot ion  o f  
t h e  f l u x  and t h e  mater ia l .  T h i s  f i e l d  i s  t h e n  -v x H /c 
and t h e  power d i s s i p a t i o n  i n  t h e  normal  m a t e r i a l  i s  
mL mH.c 
pP=n a 2 t a E  2 = a n a v L  t H 2/c2 
C 
where  i s  t h e  c o n d u c t i v i t y .  The work done i n  moving t h e  normal  
s p o t  a c r o s s  t h e  w i d t h  o f  t h e  s t r i p  i s  t h e n  
or  
2 2 2  - 2 1  2 
-c (?/a ) = u n H /c = 3 .50  x 10 -c - 
( 1 2 )  
I t  h a s  n o t  been p o s s i b l e  t o  compare t h i s  r e s u l t  
a c c u r a t e l y  w i t h  t h e  o b s e r v a t i o n s  b e c a u s e  o i s  n o t  known for  
t h e s e  p a r t i c u l a r  s tr ips.  
r e s i s t a n c e  i s  l a rge ly  r e s i d u a l  r e s i s t a n c e  and  i s  s t r o n g l y  de- 
p e n d e n t  on t h e  c rys t a l  i m p e r f e c t i o n s  as  w e l l  as chemica l  
i m p u r i t i e s .  However, an o r d e r  o f  magni tude  comparison h a s  
b e e n  made by comput ing  t h e  c o n d u c t i v i t i e s  n e c e s s a r y  t o  g ive  
t h e  r e s u l t s  o f  Table 1. Averaging t h e  f i r s t  and l a s t  v a l u e s  
t o g e t h e r  g i v e s  ~ ( 3 . 0 ' )  = 4.45 x 10  sec . The o t h e r  v a l u e  
19 -1 gives  a ( 2 . 5 ' )  = 11.0 x 10 sec . I f  t h e n  t h e  r e s i s t a n c e  
A t  t e m p e r a t u r e s  n e a r  3'K c t h e  
19 -1 
1 2 .  
and  p can  be d e t e r m i n e d  and  t h e  
-20 
5 
+ P I  T 9 P o  1 i s  described a s  p 
r e s i s t i v i t y  a t  3.4' de t e rmined  t o  be 2.35 x 10 s e c .  The 
r e s i s t i v i t y  of ind ium i s  g i v e n  by t h e  tables t o  be 
9.0 x 1 0  sec. The r e s i s t a n c e  r a t i o  p (3 .4 ) /p  (273)  = 0.0026.  
An o b s e r v a t i o n  by Mei s sne r  and V o i g t 7 )  i n  1930 gave 0.0032. 
T h i s  agreement i s  enough t o  s u g g e s t  t h e  c o r r e c t n e s s  o f  t h e  
a n a l y s i s  of Bardeen and S tephen .  
0 
-18 
5 .  The p i c t u r e  of l i n e s  of m a g n e t i c  f l u x  u s u a l l y  a t t r i b u t e d  
t o  F a r a d a y ,  and made much more s i g n i f i c a n t  by t h e  d i s c o v e r y  
of f l u x  q u a n t i z a t i o n ,  is  a u s e f u l  model i n  many s i t u a t i o n s .  
A l i t t l e  c o n s i d e r a t i o n ,  however, and t h e  almost c o m p l e t e l y  t o  
be expected r e s u l t s  o f  t h e  expe r imen t s  i n  a u n i f o r m  f i e l d  
s u g g e s t  t h a t  i t  needs to  be used w i t h  d i s c r e t i o n .  A s  h a s  been 
p o i n t e d  o u t  by  o t h e r s 8 )  i t  i s  t h e  r a t e  o f  change  o f  t h e  f i e l d  
a t  a p o i n t  i n  t h e  m a t e r i a l  t h a t  i s  s i g n i f i c a n t .  
1 3 .  
References 
1. C. F .  Hempstead and Y. B. K i m ,  Phys. Rev. Letters l2, 
145 (1964).  
2.  Y. B. K i m ,  C. F. Hempstead and A.  R.  S t rnad ,  Phys. Rev. 
Letters 13, 794 (1964);  
Phys. Rev. 139, A1163 (1965). 
3 .  I. Giaever,  Phys. Rev. Let ters  l5, 825 (1965).  
4. P. R. Solomon, Phys. Rev. Le t te rs  l6, 50 (1966).  
5. J. Bardeen and M. J. Stephen, Phys. Rev. Le t te rs  l4, 1 1 2  
(1965) .  
6. W. V.  Houston and D. R.  Smith, Phys. Rev. Le t te rs  l.6, 516 
(1966).  
7 .  W. Me i s sne r  and B.  Voigt, Ann. Physik 1, 761 (1930).  
8. M. J. Stephen and H. Suhl,  Phys. Rev. Le t t e r s  l3, 797 (1964). 
.TPHENOLIC DISC 
2.875 IN. DIA. 
EPOXY J O I N T 1  
Fiqure 1. Sketch of the areangement of the torsion 
pendulum and the magnets in the equilibrium position. 
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